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The transformation of delta-ferrite to other phases in 
AISI 304L austenitic stainless steel was examined in 
specimens heated as a function of time at 720°C. The delta- 
ferrite was present in hot rolled plate as irregular 
pancake-shaped regions about 4 pm thick. The kinetics of 
delta-ferrite transformation were followed by magnetic 
measurements and were most rapid at approximately 720°C. 
Light microscopy, transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), and energy dispersive 
spectroscopy (EDS) of thin foils showed that the delta- 
ferrite transformed by at least two mechanisms. One 
mechanism consists of delta-ferrite transformation to 
austenite and M23C6, and represents the first stage of delta- 
ferrite decomposition. Another mechanism consists of delta- 
ferrite transformation to austenite and sigma phase. The 
formation of sigma phase requires the enrichment of Cr to 36 
wt pet from 26 wt pet initially present in the delta- 
ferrite. This enrichment was attributed to partitioning of 
Cr from the austenite phase in the two reactions. Both 
mechanisms are accomplished by eutectoid transformation. 
Transverse specimens removed from the plate showed a severe 
decrease in reduction of area (RA) with aging time at 720°C.
iii
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This decrease in ductility was related by fractography to 
fine-scale ductile rupture associated with the M23C6 phase, 
and cleavage fracture associated with sigma phase. The 
mechanical properties determined from longitudinal plate 
specimens were not affected by brittle phase formation, but 
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Austenitic stainless steels are the largest group of 
stainless steels in use. A variety of combinations of 
properties, including fabricability, corrosion resistance, 
and strength can be obtained by different austenitic 
stainless steel compositions, providing useful material 
choices for a vast number of applications. Table 1.1 lists 
the compositions of a variety of austenitic stainless steels 
[1]. The alloys within this group are very different from 
one another. AISI 302 and 304 represent the most widely 
used alloys, having somewhat greater microstructural 
stabilities and improved corrosion resistance than AISI 301, 
the leanest composition in this group in which austenite 
readily transforms to martens!te during plastic deformation.
Austenitic stainless steels contain 16% or more Cr, a 
ferrite-stabilizing element, and sufficient austenite- 
stabilizing elements, such as carbon, nitrogen, nickel, and 
manganese, to render austenite stable at room temperature. 
The grades containing silicon, molybdenum, titanium, or 
niobium(AISI 302B, 316, 317, 321, and 347) sometimes contain 
a small amount of delta-ferrite, because of the ferrite 
stabilizing effect of these elements. Alloys with 
substantial nickel are fully austenitic, for example, AISI 
310, or 330. For alloys susceptible to delta-ferrite
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formation, the amount of ferrite will depend on composition, 
chemical homogeneity, and hot working. Because carbon is an 
austenite stabilizer, alloys with especially low carbon 
contents, which minimize susceptibility to sensitization 
during welding (AISI 304L, 316L, or 317L, for example), will 
have greater tendency toward delta-ferrite formation.
In an earlier study [2], cracking of 21Cr-6Ni-9Mn 
stainless steel forgings was attributed to the presence of 
sigma phase transformed from delta-ferrite. The purpose of 
this work is to investigate delta-ferrite decomposition in 
AISI 304L austenitic stainless steel. Emphasis is on the 
phase transformations and mechanisms by which delta ferrite 
decomposes to other phases during heating at temperatures 
which coincide with sigma phase formation and sensitization. 
The following literature review describes delta-ferrite 
formation, various aspects of the decomposition of delta- 
ferrite to sigma phase in austenitic stainless steels and 
the effect of sigma phase in these alloys.
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2. LITERATURE REVIEW
2.1 Delta-ferrite Formation in Austenitic Stainless Steels * 
Solidification of austenitic stainless steels, 
depending on composition, can take place by nucleation and 
growth of delta-ferrite or austenite crystals [3-11]. 
Delta-ferrite will usually transform to austenite on further 
cooling or it may remain, untransformed, in so-called 
austenitic stainless steels exhibiting a duplex austenitic- 
ferritic microstructure.
The liquidus and solidus surfaces of the Fe-Cr-Ni 
ternary diagram are shown in Figure 2.1 [12]. An inflection 
of the liquidus surface extends a short distance from the Fe 
corner toward 50Cr-50Ni composition. The three-phase 
peritectic reaction at Fe-4Ni extends into the diagram, 
Figure 2.2 [10], to about 75% Fe, at which location 
solidification changes from peritectic to eutectic.
The three-phase eutectic solidification extends to a 
ternary eutectic point at roughly 49Cr-43Ni-8Fe.
Compositions which fall on the Ni-rich side of the eutectic 
trough will solidify as primary austenite, and the ferrite, 
if any, will form at Ni-depleted solidification cell 
boundaries, resulting in a vermicular morphology [8]. 
Austenitic stainless steels with compositions on the Cr-rich 
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Figure 2.2: Additional details of liquidus and solidus 
surfaces near Fe corner of Fe-Cr-Ni ternary 
diagram, including observed tie lines(short, 
heavy lines within diagram); temperatures in
°C.
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300 series stainless steels, including 304L, fall in this 
group, and those with compositions close to the peritectic- 
eutectic liquidus region exhibit a peritectic solidification 
mode [9]. In this case, the primary delta-ferrite is 
enveloped by austenite until peritectic solidification is 
complete.
On cooling, a large fraction of the primary ferrite is 
consumed by austenite in a diffusion-controlled, solid-state 
transformation. Little supercooling is required for 
transformation of delta-ferrite to austenite as shown in 
Figure 2.3 [13], and the growth of austenite in the ferrite 
on cooling results in ferrite lying at the core of the 
dendrite. During this growth process, Ni and other 
austenite stabilizers tend to partition to the austenite, 
while Cr and other ferrite stabilizers tend to partition to 
the ferrite. This solidification mechanism differentiates 
eutectic ferrite, formed at the conclusion of primary 
austenite solidification, and peritectically-solidified 
ferrite as austenite becomes more stable.
The AISI 304L austenitic stainless steel should be 
completely austenitic if fairly good chemical homogeneity 
is reached as shown in the 70% Fe section of the ternary 
phase diagram, Figure 2.3. Delong's diagram (Figure 2.4), 




















70 %  IRON
400
20 2515
25 20 15 10 5 0 WT-% Ni
Figure 2.3: Vertical section of Fe-Cr-Ni ternary diagram
at 70% of Fe. The cross-hatched area 
indicates the composition range of the AISI 



















































metal [14] shows that the 304L composition may contain about 
8% of skeletal ferrite.
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2.2 Delta-ferrite Decomposition in Austenitic Stainless
Steels
Since some skeletal ferrite is a beneficial structural 
element which reduces susceptibility to hot cracking during 
solidification or welding, the composition of an austenitic 
stainless steel or weld metal is often deliberately adjusted 
to produce delta-ferrite during solidification. However, 
the delta-ferrite will seriously reduce the toughness of the 
alloy since it exhibits the ductile to brittle transition at 
low service temperatures. Moreover, it has been shown that 
delta-ferrite would transform to different phases, since it 
is thermodynamically unstable at temperatures above room 
temperature.
The ferrite/austenite interface provides a favorable 
site for M23C6 and new austenite formation [15-17] since it 
is the conjunction between Cr-rich delta-ferrite and C-rich 
austenite. Beckitt [16] showed that in a duplex austenitic 
stainless steel a cellular precipitation of M23C5 and 
austenite will grow from delta-ferrite/austenite boundaries 
into delta-ferrite at temperatures between 600°C and 900°C. 
Laths of austenite are also observed protruding into delta- 
ferrite. Both reactions were succeeded by sigma phase 
formation, which was confined to prior delta-ferrite 
regions, with a maximum transformation rate at temperatures 
between 700°C and 750°C.
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Delta-ferrite can also transform directly to sigma 
phase [18-25]. In addition to the cellular transformation 
mechanism of delta-ferrite, Smith et al. [18] also found 
that the morphology of the sigma phase changed in the 
following sequence: (1) finely dispersed particles mainly 
concentrated in ferrite grains, (2) lamellar structure along 
crystallographic planes, (3) small globules at grain 
boundaries, and (4) well defined particles both at 
boundaries and in the interior of the original delta-ferrite 
grains as aging temperature increases.
Gray et al. [26], by magnetic etching techniques, have 
shown that delta-ferrite transformed to sigma plus austenite 
in AISI 304 austenitic stainless steel base plate after 
aging at 595°C and 650°C for 10,000 hr and in Type 308 
austenitic stainless steel weld metal after aging for 20,000 
hr at 595°C. Kirby et al. [27] found essentially the same 
result in duplex Cr-Ni-Mo corrosion resistant steels. Also, 
the austenite formed at 850°C as a result of this 
transformation has different composition than the original 
austenite, as it is more sensitive to attack by corrosive 
media [27]. This sigma phase formation mechanism is 
utilized by Gilman [28] who tried to harden high-chromium 
steels by sigma phase formation.
In addition to these, Bindari [29], in his work on a
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wrought heat resisting steel, found that delta-ferrite would 
rapidly transform to austenite, which together with the 
remaining delta-ferrite slowly formed sigma phase.
In summary, a variety of solid state mechanisms have 
been related to the decomposition of delta-ferrite and sigma 
phase formation in austenitic stainless steels. In all 
cases, the transformation mechanisms have followed C-curve 
kinetics. Also, the kinetics of sigma phase formation in 
AISI 310 and 316 austenitic stainless steels have been fit 
to the Johnson-Mehl equation [30].
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2.3 Sigma Phase Characteristics
The wide occurrence of sigma phase in alloys used at 
high temperatures stimulated extensive study. The work of 
Bain and Griffiths [31] in 1927 not only revealed the 
existence of sigma phase (which was referred as B phase), 
but also disclosed many of the features which are 
characteristic of this phase. Chief among these features 
are extreme hardness (HRC 68.5) and the embrittlement which 
is often associated with its presence. The nonmagnetic 
characteristic of sigma phase has been used by numerous 
investigators as a means for following the transformation 
from a magnetic ferrite to a nonmagnetic sigma phase in 
ferritic and duplex ferritic-austenitic steels. However, 
sigma phase which develops in an 18Cr-8Ni-3Mo-lTi steel 
possesses a Curie temperature of approximately -133°C, below 
which it is ferromagnetic [32]. The precipitation of sigma 
phase also lowers the electrical resistance of steels [32].
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2.4 Formation of Sigma Phase
Sigma phase is a complex metallic compound and it is 
formed by electron bonding of transition elements. 
Characteristically, one or more of the elements demonstrate 
an electropositive character, while the other elements 
demonstrate an electronegative character. Elements in Group 
III to VI such as chromium, molybdenum, and tungsten are 
examples of the former; nickel, cobalt, and iron, which 
belong to Group VIII, IX and X respectively, are examples of 
the latter. Thus, sigma phase is also called a "electron" 
compound [33].
It has been suggested that the formation of sigma phase 
depends on the following condition [34]:
The atomic diameters of the two alloying elements do 
not differ by more than 8% (Exceptions to this condition are 
the Fe-Mo alloys, where the atomic diameter difference is 
10%; however, the sigma phase structure is unstable below 
1180°F) .
In the Fe-Cr system, sigma phase forms around the 
composition FeCr. In superalloys, a typical composition for 
sigma phase might be (Cr,Mo) (Ni,Co) where x and y can varyx y
from 1 to 7 but most often are approximately equal [35].
In low carbon stainless steels, Nicholson et al. [36] 
showed that the composition limits of sigma phase differ
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from those in high purity alloys [37], as shown in Figure
2.5. One of the major effects caused by steelmaking 
elements is to reduce the solubility of chromium in delta- 
ferrite thereby increasing the quantity of sigma phase at 
the expense of ferrite. Since commercial steels are not 
pure iron-chromium alloys, the effect of alloying elements 
on the composition limits and rate of sigma phase formation 
have also received considerable attention. Small amounts of 
silicon can markedly accelerate the rate of sigma phase 
formation. Aluminum and molybdenum exert an effect similar 
to that of silicon but the effect of aluminum on the rate of 
formation is not as great as that of either silicon or 
molybdenum. A thorough study of the iron-chromium-silicon 
system by Lena [38] has disclosed that sigma phase is stable 
over a large range of compositions at temperatures as high 
as 1000°C. In addition to increasing both the rate of sigma 
phase formation and high temperature stability, silicon 
expands the range of formation so that sigma phase can form 
in alloys of much lower chromium content than that found in 
pure iron-chromium alloys. The effect of the first 1 pet of 
silicon is to displace the (y+a)/y phase boundary toward 
lower chromium contents, only about 0.5% chromium at the 20% 
nickel level but about 2% chromium at the 10% nickel level. 












Figure 2.5: Iron-rich corner of the Fe-Cr-Ni ternary
system at 650°C. Solid lines are 
commercially pure alloys and dashed lines 
represent high-purity alloys. For each line 
there is a certain zone of uncertainty which 
has not been indicated on the diagram.
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for each additional percent of silicon added up to at least, 
roughly, 3%. Manganese up to 2% appeared to have little or 
no effect on the sigma-forming tendencies in alloys 
containing up to 2% silicon. The addition of 2% molybdenum 
causes increased tendencies toward sigma formation in 
austenitic alloys, shifting the (y+o)/y boundary by roughly 
3% chromium toward lower chromium contents.
Cold work has been shown to effectively accelerate 
sigma phase formation [29,38-42]. Lena [38] found that 
filings of a 53% Cr alloy transformed to sigma in two days 
at 720°C whereas samples of greater mass had not started to 
transform after 37 days. Duhaj et al. [41] explained that 
cold work accelerates the start of sigma phase precipitation 
as a consequence of the increased diffusion rate. However, 
the number of sigma phase particles increases only if 
recrystallization of austenite takes place, or, if after 
recrystallization, the grain size is refined, i.e., the 
boundary length serving as nucleation sites for sigma phase 
nucleation is increased. Also cold deformation effects on 
the sigma phase precipitation are assumed to be dependent 
very much on the stacking fault energy of the matrix.
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2.5 Crystal Structure of Sigma Phase
The structure of sigma phase is tetragonal, space group 
D144h-P42/mnm with 30 atoms per unit cell with c/a=0.52 [43]. 
The structure is characterized by close-packed layers of 
atoms separated from one another by relatively large 
interatomic distances. If one observes a model of sigma 
phase, the layers of close-packed atoms are displaced from 
one another by sandwiched larger atoms, developing a 
characteristic "topology" which is often referred as TCP 
phase (topologically close-packed structure) [35].
The 30-atom unit cell of sigma phase is structurally 
related closely to the common M23C6 carbide. Geometrically, 
if one were to remove all of the carbon atoms from an M23C6 
lattice, only a slight shift in atom relationships would be 
needed for the structure to become that of sigma phase.
Since M23C6, often with the composition Cr21Mo2C6, contains 
many of the chromium and molybdenum atoms needed for sigma 
phase formation, this relationship becomes important. For 
instance, considerable lattice coherency exists between 
sigma phase and M23C6, so that sigma phase often nucleates on 
M23C6. Further, it has been observed that the 
decarburization of a sigma-prone structure containing M23C6 
can readily lead to the sigma phase formation on the M23C6 
sites [44].
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2.6 Effect of Sigma Phase on Properties of Alloys
The magnitude of the effect which sigma phase may have 
on mechanical and corrosion properties of alloys depends not 
only on the amount present but also on particle size and 
distribution. Other phases, and also whether the alloy is 
ferritic, austenitic or duplex in nature, may affect the 
influence of sigma phase on properties.
2.6.1 Notch Sensitivity
Notch sensitivity is generally greatly increased by 
sigma phase formation, particularly in high chromium 
ferritic steels, which are inherently notch-sensitive. Sigma 
phase exerts a greater effect on impact strength than on any 
other properties and many papers report sigma phase causes 
considerable decrease in impact toughness without major 
changes in other properties [18,20,45-48].
Talbot and Furman [45] investigated iron-chromium- 
nickel steels heated in a temperature range from 650 to 
900°C. Embrittlement as measured by room-temperature impact 
properties increased rapidly with the first few percent of 
sigma phase, regardless of the base composition. In fact, 
it was pointed out that as little as 5% of sigma phase can 
seriously embrittle the alloy.
May [46] evaluated the room-temperature mechanical
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properties of AISI 304H austenitic stainless steel internals 
removed from fluid catalytic cracking unit (FCCU) 
regenerators after 7 to 16 years of service. Extreme notch 
sensitivity of steels containing sigma phase was revealed by 
substantial reduction in room-temperature toughness and 
notched tensile tests.
Henry et al. [47] found that the maximum sigma phase 
precipitation was evident in the most seriously embrittled 
sample of each alloy group including AISI 310, 321, and 347, 
and that the notch sensitivity of welds in any material 
tested was greater than either base metal or heat-affected 
zone (HAZ). Restoration of toughness is obtained by 
solution heat treatment at 1065°C for one half hour followed 
by water quenching even though sigma phase was not 
completely dissolved.
Emmanuel [46] showed that impact strength was the most 
sensitive indicator of the presence of sigma phase in 25Cr- 
20Ni steels. Room-temperature impact values were at a 
minimum on samples held between 760°C and 870°C. Toughness 
of the most seriously embrittled specimens was restored by 
heating at 1025°C for 2 hr and water quenching even though a 




Study of the effect of sigma phase on elevated 
temperature tensile and creep properties of 25Cr-20Ni-2Si 
steel on samples having the same grain size but different 
amounts and distributions of sigma phase has shown that 
creep at slow strain rates is lowered [49].
Data on the effects of sigma phase on creep strength 
for Type 314 (which may contain as much as 40% of sigma 
phase with proper heat treatment) and Type 309 by Grarnieri 
et al. [49] showed that sigma phase increases the creep 
strength up to 760°C, for short time uses involving 
deformations on the order of 1% per hour. However, at slow 
rates of strain, and hence long service applications, sigma 
decreases creep strength.
Berggren et al. [24] showed that low ductility creep 
failures occur when extensive interphase cracking occurs at 
austenite-sigma phase boundaries in Type 308 stainless steel 
weld metal with varying ferrite contents. The fraction of 
creep test time before third-stage creep was usually less 
than 0.3 of that for specimens which exhibit high ductility.
Chastell [45] examined a failed Type 316 austenitic 
stainless steel secondary superheater boiler tube which 
failed after a significantly shorter time than the original 
design life. The failure was attributed to intergranular
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rupture as a result of the accumulation of creep cavities on 
grain boundaries with coarse sigma precipitates and oriented 
perpendicular to the applied hoop stress.
2.6.3 Corrosion Resistance
The corrosion of stainless steels may occur in a number 
of ways. The attack may be general, intergranular, pitting, 
or, when under residual or applied stress, transgranular 
(stress-corrosion cracking). Because it manifests itself in 
different forms and is affected by a number of factors, it 
is difficult to isolate the specific effects of sigma phase.
The influence of sigma phase on corrosion resistance of 
18Cr-8Ni-3Mo-0.3Ti steel, which, in the annealed condition, 
is duplex austenitic steel, has been investigated [20]. 
Samples previously water-quenched from 1150°C were found to 
have the maximum weight loss after annealing at 750°C. This 
corrosive attack was attributed to the presence of sigma 
phase.
Fully austenitic stainless steels, unless produced with 
very low carbon content or stabilized by additions of 
titanium or niobium, are subject to an insidious 
intergranular corrosive attack attributed to chromium 
depletion adjoining intergranularly precipitated carbides. 
Since this intergranular sensitization by carbide
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precipitation occurs within the same temperature range in 
which sigma phase precipitates, it is difficult to decipher 
the exact role of sigma phase. Franks et al. [50] studied 
the effects of molybdenum and niobium on austenitic 
stainless steels and concluded that sigma phase 
precipitation, as well as carbide precipitation, reduces 
corrosion resistance. Whereas it is not difficult to 
imagine sigma phase playing a role similar to carbide, 
inasmuch as similar impoverishment of chromium must occur, 
the actual evidence does not appear to be incontrovertible. 
Investigators found that an ultra low-carbon austenitic 
stainless steel containing 0.006%C, 0.014%N, 18.6%Cr, 
19.1%Ni, and 2.9%Mo was rendered susceptible to 
intergranular attack in boiling 65% nitric acid by heating 
only 10 min at 750°C. This susceptibility was attributed to 
grain-boundary sigma phase formation. Other steels not 
containing molybdenum remained immune under such treatment. 
If intergranular sensitization of molybdenum-containing 
austenitic stainless steels results from precipitation of 
sigma phase, unlike the sensitivity resulting from carbide 
precipitation, such sensitization is observed only in 
boiling nitric acid. Also, prolonged heating in the 
sensitization range restores the resistance to intergranular 
attack, even in nitric acid. In other words, sigma phase is
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apparently only detrimental under very specific conditions, 
apparently as a very fine intergranular dispersion when 
subjected to boiling nitric acid.
2.6.4 Tensile Properties
The formation of sigma phase has no significant effect 
on tensile strength but does slightly decrease elongation 
and reduction in area.
Noble et al. [51] investigated the ductility and 
toughness of Type 310L stainless steel with initially 1.1 
vol pet of delta-ferrite and showed that large, specimen- 
orientation dependent reductions in ductility and Charpy 
energy were resulted from the presence of sigma phase 
transformed rapidly from delta-ferrite aged at 700 or 
750°C.
Study of the effect of sigma phase on elevated 
temperature tensile and creep properties of 25Cr-20Ni-2Si 
steel, with samples having the same grain size but different 
amount and distribution of sigma phase, has shown that sigma 
increases tensile or yield strength for relatively fast 
strain rates [49].
Grarnieri et al. [49] showed that sigma phase 
materially increases short-time tensile and yield strengths 
but decreases strength at room temperature. Ductility is
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increasingly restored by heating at temperatures above 590 
to 650°C in Type 314 (which may contain as much as 40% of 
sigma phase with proper heat treatment) and Type 309.
However, the magnitude of the effect on properties will 
depend on conditions of sigma phase formation. For Example, 
a fine dispersion within the grains increases both ambient- 
and elevated-temperature strength. At very low strain 
rates, however, this effect on strength may not be realized 
[52].
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2.7 Sigma Phase in Austenitic Stainless Steels
The equilibrium diagram presented in Figure 2.5 shows 
that the lean AISI austenitic stainless steels should be 
relatively free from sigma phase formation, which agrees 
with usual observation. Exceptions are materials containing 
some residual delta-ferrite, a constituent which will 
transform to sigma phase. Another exception would be Type 
302B which contains 2 to 3% of silicon in an otherwise 
stable base composition. Silicon is a notorious sigma phase 
promoter [36] and renders Type 302B susceptible to sigma 
formation [45]. Since sigma phase exists within 5.6 to 7.6 
electron/atom (e/a) ratio limits, the conventional theory 
is that silicon broadens the stable composition range with 
respect to chromium by acting as a supplemental electron 
acceptor. In addition to correct e/a ratio, sigma phase 
will not tolerate very great differences in atomic radii. 
AISI 310 is also susceptible to sigma phase formation. A 
number of alloys of the Fe-18Cr-10 to 12Ni type with fourth 
element additions (AISI 316, 317, 321, and 347) appear close 
to the sigma field boundary at 650°C. Of the fourth element 
additions represented in these alloys, molybdenum [36] and, 
to a lesser extent, titanium significantly promote sigma 
phase formation.
However, Nicholson [36] and Talbot [45] studied alloys
T-4216 28
having carbon, silicon, manganese and nitrogen contents 
approximating commercially produced materials. Many 
important alloys considered non-susceptible to sigma phase 
formation at 650°C become susceptible. As shown in Figure
2.6, the ranges of composition specified for austenitic 
stainless steels such as AISI 301, 302, 303, 304, 308, 309, 
310, 321, and 347 lie wholly or partially within the sigma 
phase region. Thus some industrial failures may be 
associated with sigma phase.
Sigma phase formation can take place in a variety of 
ways in austenitic stainless steels. Barcik [15] proposed 
that the mechanism of sigma-phase precipitation in 
industrial Cr-Ni austenitic steel is dependent on the 
chemical composition of the austenite after precipitation of 
the interstitial phases whose formation always precedes 
nucleation of the sigma phase. Depending on the chemical 
composition of the austenite, the sigma phase may 
precipitate directly from the austenite [21] and partially 
through the M23C6 carbide or through the ferrite [21] or only 
through the M23C6 carbide in which case the quantity of sigma 
phase is less than 0.5%. However, Gray et al. [26] showed 
that delta-ferrite stringers in a 304 stainless steel plate 








































Relative locations of some AISI austenitic 
stainless steel compositions with respect to 
the limits of the sigma phase region at 650°C 
as drawn from data of Nicholson [34] (solid 
line) and commercially pure material (dashed 
line).
T-4216 30
Spruiell [53] observed that when austenitic stainless 
steel weld metals are exposed to elevated temperature during 
service or postweld treatment, the delta-ferrite constituent 
in duplex austenitic-ferritic microstructure tends to 
transform to sigma phase and, to a lesser extent, chi phase. 
Carbides, particularly M23C6 are also formed, especially 
during the early stages of aging. In agreement with 
Spruiell [53], Beckitt [16] also found that the formation of 
sigma phase has an orientation relationship with the 
austenite which it is initially in contact.
Singhal and Martin [19] suggested, in a study of 25Cr- 
24Ni-0.5Ti austenitic stainless steel, that delta-ferrite 
crystals nucleated on residual M23C6 and chromium oxide 
particles will undergo in situ transformation to sigma 
phase, which then grows by the dissolution of neighboring 
delta-ferrite. Ferrite serves as a metastable phase via 
which sigma phase forms in high (Cr+Ni) content alloys but 
not in low (Ni+Cr) content alloys where sigma phase forms 
directly from austenite.
Vitek [17] showed that the delta-ferrite in Type 308 
and 308CRE first transformed to austenite plus M23C6 which 
initiated at austenite/ferrite interfaces. With further 
aging, ferrite composition changes, resulting in a 
composition similar to sigma phase. However, it is rare to
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find a partially transformed delta-ferrite grain. Instead, 
at intermediate stages of aging, the initial delta-ferrite 
remains either intact (except for some dissolution and 
carbide formation), even though no significant diffusion is 
necessary for this ferrite to transform to sigma phase, or 
completely transformed to sigma phase. Thus Vitek concluded 
that nucleation is the controlling step for sigma phase 
formation.
Weiss [25] examined phase instabilities during high- 
temperature exposure of 316 austenitic stainless steel and 
showed that sigma appears sequentially, beginning at triple 
points of grains, at grain boundaries, then at incoherent 
twin boundaries, and finally intragranularly nucleating on 
oxide inclusions. This indicates that high-energy 
interfaces are required for sigma phase nucleation. Sigma 
may also form on previous M23C6 sites, a locally Cr-enriched 
area, or on M23C6 particles which are apparently dissolving.
As regards to the effect of cold work, 
recrystallization, but not the cold work itself, accelerates 
sigma phase formation which subsequently occurs during aging 
[17]. Weiss [25] also supports this point of view, 
providing grain size is refined. In fact, cold work without 
recrystallization may hinder the sigma phase transformation 
[19], and sigma phase is only observed in recrystallized
T-4216 32
regions.
A study done by Sprueill et al. [53] on thermal- 
mechanical pretreated Type 316 austenitic stainless steel 
has shown that cold work greatly accelerate precipitation of 
sigma phase. The amount and kinetics of sigma phase 
formation are especially enhanced by recrystallization 
occurring during aging because of ready sigma phase 
nucleation at slow moving (recrystallization) grain 
boundaries together with enhanced growth rates due to 
diffusion along the grain boundaries.
Duhaj [41] investigated the influence of lattice 
defects on sigma phase formation in fully austenitic 
stainless steels. In an undeformed single crystal, no sigma 
phase can be found even after 6500 hr at 800°C while it is 
detected at deformation twins after the crystal is cold 
worked. In undeformed specimens sigma phase precipitated 
only along grain boundaries and annealing twin boundaries. 
After deformation, sigma phase is only found along the grain 
boundaries after recrystallization. Cold work accelerated 
the start of sigma phase precipitation, but the number of 
the sigma phase particles only increased after 
recrystallization.
Concerning the effect of sigma phase on mechanical 
properties of the austenitic stainless steels, toughness is
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severely decreased by sigma phase as shown by Weiss [25]. 
Henry et al. [45] showed that the effect of sigma phase in 
austenitic stainless steel weldments can seriously embrittle 
the structure.
Berggren et al. [24] showed that during high- 
temperature creep testing on Type 308 austenitic stainless 
steel weld metal, delta-ferrite transformed to sigma phase 
at 649°C, leading to low creep ductility failure.
The deleterious effects of sigma phase may be 
counteracted in two ways [21]. The first attacks the 
problem at its source and controls the delta-ferrite 
content. The second aims to correct the damage by a heat 
treatment which eliminates as much sigma phase as possible.
The ferrite content can be controlled by carefully 
"balancing" the austenite-forming and the ferrite-forming 
elements in the composition range of alloy.
The beneficial effect of solution heat treatment 
followed by water quenching is believed to be due to 
solution of some of the preexisting ferrite into the 
austenite and to the agglomeration or spheroidization of the 
remaining ferrite. Sigma phase later formed from ferrite 
spherules would be in a discontinuous pattern and have less 
effect on the properties of the matrix.
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3, EXPERIMENTAL PROCEDURES
3.1 Material Used For Study
A cross-rolled AISI 304L austenitic stainless steel 
plate studied was identified by material control number(MC#) 
111806-12 provided by EG & G Rocky Flats. Because of 
segregation, delta-ferrite distribution varies, and 
consequently, the delta-ferrite contents in each of the 15 
pieces of a master plate differ. The position for the as- 
received AISI 304L plate in a master plate is shown in 
Figure 3.1, and its chemical composition is presented in 
Table 3.1.
3.2 Specimen Preparation
As shown in Figure 3.2, a portion of the as-received 
plate (MC# 111806-12) with dimensions 19.05cm x 5.74cm x 
3.31cm was cut into 2 parts: part A with dimensions 1.27cm x 
5.74cm x 3.31cm and part B, 17.78cm x 5.74cm x 3.31cm.
Part A was further machined into 6 pieces for delta- 
ferrite distribution measurements as shown in Figure 3.3a. 
After this, 36 samples were cut from the center region of 
part A for C-curve investigation (Figure 3.3b).
Part B was machined into 2 sets of tensile specimens, 
set I and set II. Set I contains 12 tensile specimens with 
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Figure 3.1: Position of the as-received plate (MC#111806- 
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Figure 3.3: Further machining of part A of the as-received 
plate (MC#111806-12) (a) position for the 6 








Figure 3.3b: Cross-hatched regions show locations from
which 36 samples for C-curve kinetics study 
were machined, after delta-ferrite 
investigation.
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oriented in the transverse direction, as shown in Figure 
3.4. A thin specimen next to each tensile bar was also 
subjected to the same heat treatment as the tensile 
specimens. These specimens were used for both transmission 
electron microscopy and metallographic study.
Set II includes tensile specimens taken from the rest 
of part B material with identical heat treatment and 
dimensions as the first set.
3.3 Survey of Delta-ferrite Distribution
As shown in Figure 3.3, part A of the as-received plate 
(MC#111806-12) was cut into 6 pieces for delta ferrite 
measurements at different surfaces by a Forster Delta- 
ferrite meter with an accuracy of ±0.5%. The specimens were 
etched and polished repeatedly to eliminate the martensite 
layer that might be introduced during machining and 
grinding.
As a result of higher delta-ferrite content in the 
center region of part A, 36 samples from this region were 
heat treated at different temperatures for various periods 
of time. The same precautions, that is, repeated etching 
and polishing, were taken in specimen preparation for the 
measurement of delta-ferrite content for the 36 specimens 

































































































3.4 C-curve Kinetics Investigation
Based on literature review, specimens were heated at 6 
temperatures (600, 700, 750, 800, 850, 900°C) for 6 times 
(0.25, 0.5, 1, 2, 10, 20hr) to determine the kinetics for 
delta-ferrite decomposition. The 36 samples machined from 
the center region of part A were heat treated according to 
the above schedule and water quenched. The decomposition of 
delta-ferrite was followed by reduction of ferromagnetism by 
heat treatment.
3.5 Phase Transformation
The preliminary experiments described above established 
that the maximum rate of transformation of delta-ferrite 
occurred at about 720°C. Therefore, 12 sets of specimens, 
for tensile tests, metallographic study and transmission 
electron microscopy investigation, as shown in Figure 3.4, 
were heat treated at 720°C for various lengths of time.
Table 3.2 lists the times and designations assigned to each 
specimen.
3.5.1 Metallographic Preparation
Specimens from part B of the as-received plate were 
heat treated at 720°C according to the schedule shown in 
Table 3.2, hot mounted in a Buehler Epomet molding compound,
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Table 3.2: Heat treatment periods of specimens heated at 
720°C and specimen designations.
time at 720°C 
(hr)
0 0.25 0.5 1 2 10 20 44 57
transverse* T7 T8 T6 T3 T4 T1 T2 T9 T5
longitudinal** LI - - L2 - L3 - - -
Designation MT" is used for transverse orientation. 
Designation "L" is used for longitudinal orientation.
ground, and finish polished with 0.05pm alumina powder.
Each specimen was further etched electrolytically in a 10% 
oxalic acid solution with a voltage of 6V for about 12 sec.
3.5.2 Transmission Electron Microscopy (TEM) Specimen
Preparation
The 12 heat treated specimens adjacent to the tensile 
bars were cut with an isocut machine, ground to a thickness 
of about 0.2±0.05 mm, and then punched into discs. The 
discs were ground with 600 grit sand paper to remove the 
deformation layer that might be introduced during punching 
to about 0.08+0.01 mm. Disks were further thinned 
electrolytically in a solution containing 5% perchloric 
acid, 20% glycerol and 75% ethanol with a jet-polishing 
machine at 80mA until perforation.
Transmission Electron Microscopy (TEM) was performed
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with a PHILIPS EM400 operating at an accelerating potential 
of 120kV. Bright field(BF) and centered dark field(DF) 
imaging techniques were employed.
3.5.3 Energy Dispersive Spectroscopy(EDS) Study of Phase
Trans formation
Thin foils made for TEM study were also used for a 
composition profile survey by EDS software "Standard Quant" 
on a JEOL-scanning electron microscope. The thin foils made 
possible accurate composition analysis by eliminating the 
large interaction volume associated with bulk specimens.
The distance between two consecutive analyzed locations 
was taken at a value greater than lOOnm, the width of the 
interaction volume emitting X-rays. This spacing minimized 
overlapping information from the same interaction volume.
3.6 Tensile Test
The dimensions of the tensile specimens are shown in 
Figure 3.5. Tensile tests for set I were conducted at room 
temperature with an Instron testing machine operating at a 
crosshead speed of 0.05in/min at Colorado School of Mines. 
Data was recorded on an Instron XY recorder as well as in 
the computer data acquisition system. Later, set II 
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Figure 4.1 shows a representative three dimensional 
view of the as-received AISI 304L austenitic stainless steel 
plate. Delta-ferrite adopted an irregular pancake 
morphology and transverse sections often show linear arrays 
of short segments from a single delta-ferrite region. There 
was little difference in delta-ferrite morphology in the 
long and short transverse sections, and the average 
thickness of a pancaked delta-ferrite grain was about 4jim.
4•2 Delta-ferrite Distribution Results
Delta-ferrite measurements taken from 3 different 
surfaces of 6 samples (Figure 3.3a) are shown in Table 4.1. 
Figure 4.2 indicates that the center region of part A in all 
three surfaces investigated (No. 4, 5, and 6) invariably had 
higher delta-ferrite contents than the edge locations(No. 1, 
2, and 3). This result is probably related to 
solidification behavior and increased segregation at the 
center of the plate (originally the center of the ingot).
The ferrite content in the as-received plate averages about 
2%, a value which represents the balance of residual effects 
of microsegregation caused by solidification and chemical 
homogenization produced by hot rolling.
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rolling direction
Figure 4.1: Three dimensional view of the as-received 
microstructure of the AISI 304L austenitic 
stainless steel.
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Table 4.1: Delta-ferrite distribution in the as-received
304L stainless steel plate taken from 3 different 
positions of specimens #1 through #6 of part A. 






total distance investigated (cm)
1.91 1.91 1.27
#1 #4 #2 #5 #3 #6
5 0.7 1.8 1.2 3.0 1.4 2.2
10 0.7 1.7 1.4 2.6 1.4 2.3
15 0.7 1.5 1.5 2.7 1.4 2.3
20 0.7 1.8 1.5 2.7 1.2 2.7
25 0.7 1.9 1.3 2.8 1.0 2.8
30 0.6 1.8 1.3 2.6 0.8 2.6
35 0.7 1.6 1.3 3.1 0.8 2.6
40 0.7 1.6 1.7 3.0 0.8 2.6
45 0.7 2.0 1.9 2.8 0.8 2.7
50 0.7 1.9 1.2 3.1 0.8 2.5
55 0.6 1.7 1.2 3.0 1.2 2.6
60 0.7 1.5 1.3 2.6 1.8 2.8
65 0.6 1.4 1.7 2.4 1.8 2.9
70 0.6 1.6 1.8 3.0 1.7 3.2
75 0.6 1.8 1.2 2.7 1.7 3.5
80 0.6 2.0 1.2 3.1 1.5 3.4
85 0.6 1.6 1.7 2.8 1.7 3.1
90 0.7 1.7 1.8 2.7 1.5 3.1
95 0.7 2.0 1.2 2.8 1.5 2.9
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Note that the fluctuation of delta-ferrite content 
along each surface can be as high as 1%, a factor which may 
explain the scatter of tensile properties for aged 
specimens.
4.3 Determination of the Kinetics of Delta-ferrite 
Decomposition
Delta-ferrite measurements in 36 specimens taken from 
the center region of part A (Figure 3.3b) before and after 
heat treatment and the data are shown in Table 4.2. The 
delta-ferrite decrease as a function of heat treatment was 
calculated with the following equation :
(C -C)
6-ferrite decrease (pet) =— ^— xlOO%
where Co= delta-ferrite percent before heat treatment and 
C = delta-ferrite percent after heat treatment 
Figure 4.3 shows that the maximum delta-ferrite 
decrease for each aging time (0.25, 0.5, 1, 2, 10, 20hr) 
occurs at 700°C to 750°C. On a basis of 50% decrease in 
ferrite content, Figure 4.4 shows typical C-curve kinetics 
for delta-ferrite transformation. This C-curve can be 
resolved into 2 since, as shown later, two transformation 
mechanisms for delta-ferrite decomposition were observed. 
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introduced due to the sensitivity of the ferrite meter 
probe. The transformation behavior indicates that the 
delta-ferrite transforms by a diffusion-controlled 
nucleation and growth process. The position of the nose of 
the C-curve is approximately 720°C.
4.4 Phase Transformation Results
4.4.1 Microstructural Evolution Observed by Light Microscopy 
Figure 4.5 shows that delta-ferrite in the as-received 
microstructure starts to decompose when heat treated at 
720°C for only 30 min. This transformation, initiated at 
austenite/ferrite interfaces, involves numerous black- 
etching individual particles growing into delta-ferrite. In 
specimens aged longer, the remaining delta-ferrite region 
was almost completely replaced by another new phase. Figure 
4.6, an enlarged light micrograph, shows interface-nucleated 
particles, fully transformed delta-ferrite, and a remanent 
of delta-ferrite in a specimen heated for 57 hours at 720°C. 
The various phases revealed by etching of metallographic 
specimens were identified by TEM, as discussed below. 
Sensitization caused by carbide precipitation along 
austenite grain boundaries is also observed in specimens 
aged for 30 minutes or longer, as can be noticed in most of 
the light micrographs.
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Figure 4.5: Microstructural evolution of decomposition of 
delta-ferrite at 720°C for (a) as-received, T7, 
(b) 15min, T8, and (c) 30min, T6. light 
micrographs. 10% oxalic electrolytic etch.
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Figure 4.5: Microstructural evolution of decomposition of 
delta-ferrite 720°C for (d) lh, T3, (e) 2h,




Figure 4.5: Microstructural evolution of decomposition of 
delta-ferrite decomposition at 720°C for (g) 
20h, T2, (h) 44h, T9 and (i) 57h, T5. light 
micrographs. 10% oxalic electrolytic etch.
T-4216 60
5jL/m
Figure 4.6: Enlarged micrograph of changes in microstructure 
of delta-ferrite in a specimen, heat treated at 
720°C for 57h. Arrows point to grey-etching 
particles associated with original 
ferrite/austenite interface, completely 
transformed delta-ferrite (black-etching), and 
untransformed region of delta-ferrite (white 
etching). 10% oxalic electrolytic etch.
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4.4.2 Microstructure Evolution Observed by Transmission
Electron Microscopy
The phases formed in the early stages of delta-ferrite 
decomposition were identified as M23C6 and new austenite. 
Figure 4.7 shows a bright field image (BFI), dark field 
images (DFI), and selected area diffraction (SAD) pattern 
for M23C6 and austenite which have formed adjacent to a 
delta-ferrite crystal. The new austenite has grown without 
the generation of a new interface from an austenitic 
annealing twin adjacent to the original delta-ferrite 
interface, and the new austenite and the M23C6 carbide 
particles have grown discontinuously into the delta-ferrite.
SAD pattern shows that the unit cell axes of the M23C6 
are almost parallel to that of the austenite, i.e.,
A decomposing delta-ferrite stringer after aging for 2h 
is shown in Figure 4.8. This figure is a montage of TEM 
micrographs taken at high magnification. A lamellar 
structure of austenite and M23C6 has grown from the original 
austenite/ferrite interface and into a delta-ferrite region.
M23C6 at austenitic grain boundaries was found in the T8 
specimen (15 min at 720°C, the shortest heat treated 
specimen). Figure 4.9 shows an example of such M23C6 
precipitation. The particles are on the order of lOOnm in 
size, below the resolution limit of the light microscope.
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Figure 4.7: (a) Bright field image(BFI) of decomposing
delta-ferrite, (b) dark field image (DFI) of 
M23C6 taken from T1 (lOhr at 720°C) .
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[M23CI
Figure 4.7: (c) Dark field image (DFI) of new austenite and 
M23C6, and (d) selected area diffraction pattern 
for austenite and M C6 taken from T1 (10 hr at 
720°C) . Zone axis: [001].
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Figure 4.8: M23C6/austenite lamellar structure (arrows)




Figure 4.9: Precipitation of M23Cg along austenite grain
boundaries in a specimen aged at 720°C for 15 
min, T8.
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After heating for longer times at 720°C, the delta- 
ferrite transforms to sigma phase. Figure 4.10 shows five 
instances of the decomposition of delta-ferrite into sigma 
phase. All of the examples are montages of overlapping 
bright-field TEM micrographs, and in each the sigma phase 
appears black. Figure 4.10f identifies the sigma phase by 
electron diffraction.
The sigma phase may form from delta-ferrite subsequent 
to the earlier formation of M„Cc and austenite from theO
delta-ferrite. In some of the montages, remanents of delta- 
ferrite are present. In all cases, the sigma phase which 
has formed is thinner than the delta-ferrite crystals.
4.4.3 Composition Profile Results
Nickel and chromium composition profiles for different 
phases aged for different times taken on TEM thin foils by 
SEM-EDS probe are shown in Figure 4.11 through Figure 4.14. 
In all cases, the delta-ferrite has a higher average Cr 
content, about 26%, than the nominal 18.9%-Cr content in the 
austenite matrix, and lower Ni content, about 5%, than the 
nominal Ni content of 10.2% (Figure 4.11 and Figure 4.12). 
The M23C6 possesses the highest Cr content of approximately 
72% and an low value of 5 Ni percent (Figure 4.13). Sigma 
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content of about 34% and a lower average Ni content of 3%
4.5 Tensile Testing
4.5.1 Tensile Test Results
The results of the two sets of tensile tests conducted 
at Colorado School of Mines, Set I, and at EG & G Rocky 
Flats, Set II, are presented in Table 4.3. Plots of yield 
strength (YS), ultimate tensile strength (UTS), and 
reduction of area (RA) versus aging time at 720°C for both 
longitudinal and transverse specimens are shown in Figure 
4.15 and 4.16.
Most of the properties show little change with aging 
time, except for the shortly-aged transverse Set I specimens 
(T6 and T8) where great increase in both YS and UTS were 
observed. But there is a dramatic decrease in reduction of 
area with increasing aging time in the transverse Set I 
specimens.
In both sets of tensile data, results from longitudinal 
specimens match fairly well (Figure 4.16), while larger 
variations are observed in transverse specimens (Figure 
4.15). Even greater differences in RA imply that fracture 
mechanisms for the two sets of specimens are different.
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T7a* 0 86.1 36.5 77.19
T7b** 0 85.8 36.4 64.2
Tpla*** 0 85 35.9 -
Tp2a 0 84.2 36.1 -
T8a 0.25 103.3 77.4 71.95
T8b 0.25 73.3 33.9 25.4
T6a 0.5 101 65.2 66.54
T6b 0.5 - - -
T3a 1 84.8 33 66.29
T3b 1 86.5 37.3 67.8
T4a 2 86 44.3 64.19
T4b 2 86.3 35.7 66
Tla 10 88 50.5 46.65
Tib 10 87.3 38.5 75.5
T2a 20 83.1 30.8 43.51
T2b 20 86.8 37 73.8
T9a 44 80.8 32.7 29.89
T9b 44 87.2 37.6 78.1
T5a 57 89.5 67.7 16.55
T5b 57 86.4 36.6 67.8
Lla 0 91.9 55.4 86
Lib 0 88.8 38.3 87.3
Lpla 0 86.4 35.9 -
















L2a 1 86.2 33.2 81.5
L2b 1 88.7 37.3 85.4
L3a 10 86.4 32.3 79.4
L3b 10 88.3 35.8 80.6
"a" stands for tests conducted at School of Mines.
"b" represents tests conducted at Rocky Flats.
"p" stands for as-received condition for assuring 
accuracy during testing.
4.5.2 Fracture Surface Characterization
Figure 4.17 and Figure 4.18 show the macrographs of 
thefracture surfaces of Set I transverse and longitudinal 
specimens, respectively. After short aging time, typical 
ductile cup-and-cone fractures with considerable necking 
developed in both transverse and longitudinal specimens.
However, with increasing aging times the fracture 
surfaces of transverse specimens show elongated plateaus and 
there is a drastic decrease in necking consistent with the 
low values of reduction of area, as noted above. In 
contrast to the transverse specimen aged for 10 hours which 
showed little reduction of area, the longitudinal specimen, 


















o  o  o  o  o
M- co cm ^
o  o  o  o
oo cd io
o  o  o











(|S > j) S U 9L U I0ad S  0SJ9ASLN3J} JOJ. 






























































































o o o o o o o o o o o on o o o o r ^ c o i o ^ c o c N ^





















































































O  O  
CM
mcn
O  <° 
0>









o o o o o o o o o
o o r ^ c o m ^ f - c n c M T“
(%)suauupads asjaAsinsj} joj. 



































































o o o o o o o o o o o o
o
O O O O r ^ C O L D ^ C O C M




















































































o o o o o o o o o o o o'“ O O C O r ^ C D l O ' M - C O C M ^






















































































o o o o o o o o oo o r ^ c o i n ^ i - c o c M ^
































































Figure 4.17: Macro-view of transverse tensile specimens, (a)
as-received, T7; and (b) 30min, T6.
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Figure 4.17: Macro-view of transverse tensile specimens, (c)
lhr, T3, and (d) 20 hr, T2.
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Figure 4.17: Macro-view of transverse tensile specimens, (e)
44hr, T9, and (f) 57 hr, T5.
6082408648
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Figure 4.18: Macro-view of longitudinal tensile specimens,
(a) as-received, LI, and (b) lOhr, L3.
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of necking. Moreover, instead of the plateaus found in 
transverse specimens, numerous cracks were present parallel 
to tensile axis.
Figures 4.19 through 4.24 show details of the fracture 
surfaces. The as-received specimens showed only microvoid 
coalescence. The microvoids typically ranged from 0.5 to 8 
jim in size, but very coarse microvoids were also present, 
perhaps associated with widely distributed coarse inclusion 
particles (Figure 4.19). Transverse specimens subjected to 
short aging times showed regions of very fine microvoids 
(Figure 4.20d). These regions were present at different 
elevations and were joined by shear ridges (Figure 4.20b). 
Transverse specimens aged for long times showed increasing 
amount of flat, cleavage fracture and more well-defined 
plateaus (Figure 4.22).
Independent of aging times, fracture surfaces of 
longitudinal specimens always exhibited typical dimple 
rupture associated with numerous cracks propagating along 
the tensile axis direction. These cracks, developed at 
different locations but approximately parallel to one 
another, may join together as necking proceeded, forming the 
fracture surfaces shown in Figure 4.23a and Figure 4.24a. 
Figure 4.24b shows that the topology of these cracks is also 
composed of microvoids.
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Figure 4.19: Fracture surface of the transverse tensile 
specimen in the as-received condition (T7) 
showing typical dimple rupture at different 
magnifications.
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Figure 4.20: Fracture surface of transverse tensile specimen 
aged at 720°C for 1 hr, T3. (a) overview, 
composed of several regions connected by (b) 
shear ridges.
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Figure 4.20: Fracture surface of transverse tensile specimen 
aged at 720°C for 1 hr, T3. (c) a closer view 
of a region showing dimple rupture, and (d) 
fine microvoids.
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Figure 4.21: Fracture surface of transverse tensile specimen 
aged at 720°C for 10 hr, Tl. (a) overview, 
similar to T3 (lhr), and (b) a closer view of a 
region showing typical microvoid coalescence.
T-4216 96
Figure 4.21: Fracture surface of transverse tensile specimen 
aged at 720°C for 10 hr, Tl. (c) dimple rupture 
associated with fracture of tiny particles, and 
(d) Brittle fracture and fine microvoids.
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Figure 4.22: Fracture surface of transverse tensile specimen 
aged at 720°C for 57 hr, T5. (a) overview, 
note that the plateaus are more well-defined, 
(b) brittle fracture appearance with fine 
microvoids.
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Figure 4.22: Fracture surface of transverse tensile specimen 
aged at 720°C for 57 hr, T5. (c) brittle 
fracture characteristics: river pattern, (d) 
cleavage and fine microvoids.
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Figure 4.23: Fracture surface of longitudinal tensile 
specimen aged at 720°C for 1 hr, L2. (a) 
overview showing a crack propagating parallel 
to tensile axis, and (b) dimple rupture with 
several cracks similar to crack in (a).
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Figure 4.24: Fracture surface of longitudinal tensile 
specimen aged at 720°C for 10 hr, L3. (a)
overview of fracture surface, and (b) cracks 




5.1 Phase Transformation Mechanisms
The results obtained in this investigation show that 
delta-ferrite in AISI 304L austenitic stainless steel may 
decompose in two stages:
(1) delta-ferrite -» M23C6 + austenite
(2) delta-ferrite -» sigma + austenite
The following paragraphs discuss these reactions and 
present selected enlarged TEM micrographs from the montages 
to illustrate the various structures in more detail.
Reaction (1) consists of delta-ferrite transforming to 
M23C6 and austenite, i.e., one solid phase transforms to two 
solid phases. This reaction is therefore classified as an 
eutectoid phase transformation. Figure 5.1 shows an example 
of the eutectoid decomposition product in the specimen 
heated at 720 °C for 2 hr. The reaction occurs 
discontinuously at an interface between the parent and 
product phases. Beckitt [14] has found a similar 
decomposition of delta-ferrite to M23C6 and austenite, but 
regards the transformation as a cellular precipitation 
reaction. The cooperative formation of austenite with M23C6 
rules out the classification of reaction (1) as a cellular 
precipitation reaction.
M23C6 particles nucleate preferentially and
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Figure 5.1: Eutectoid structure of M23C6 and austenite
growing into delta-ferrite region in a specimen 
aged at 720°C for 2hr. TEM micrograph.
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Independently at the C-rich austenite/Cr-rich delta-ferrite 
interface after very short times at 720°C. The austenite of 
the eutectoid structure nucleates without orientation change 
from the matrix austenite adjacent to the delta-ferrite 
crystals.
Reaction (1) is dependent on the amount of carbon 
present in the as-received Type 304L austenitic stainless 
steel and the long-range diffusion of carbon to the growing 
M23C6 particles. At later stages of transformation there is 
apparently insufficient carbon available adjacent to regions 
of delta-ferrite for the initiation of the eutectoid 
reaction. Either there was insufficient carbon initially 
available for nucleation of M„Cc at sites or the carbon hasD
been drained from these regions, in order to supply the 
growth of the established M23C6 particles. As a result, the 
lamellar spacing has to be re-ajusted as shown in Figure 
4.7, forming a lamellar structure with a wider spacing.
The M23C6 formation requires partitioning of Cr as well 
as C. The EDS spectra presented in the results show that 
the Cr in the M23C6 particles may be as high as 70 metallic 
wt pet. Even higher levels of Cr in M23C6 have been reported 
by Vitek and David [15] in a Type 308 austenitic stainless 
steel. Although some of the Cr for the M23C6 is provided by 
austenite, the delta-ferrite must also serve as a major
T-4216 104
source of Cr. Evidence for the partitioning of Cr from 
austenite and delta-ferrite to the M23C6 particles is 
presented in Figure 4.12 and Figure 4.13 in which the Cr 
contents in delta-ferrite and austenite are lower than 26% 
and 18.9%/ respectively.
Reaction (2) requires the decomposition of delta- 
ferrite to austenite and sigma-phase. A similar 
transformation mechanism of delta-ferrite decomposition has 
also been reported by Gray et al. [26] in both Type 304 and 
308 austenitic stainless steels. Kirby and Morley [27] 
found that the new austenite formed from the delta-ferrite 
in a duplex Cr-Ni-Mo corrosion resisting steel might have 
different composition from the original austenite since it 
is more susceptible to attack in iodide reagent.
The austenite formation is required to raise the Cr 
content in the sigma phase to the observed level of 36 wt 
pet. Figure 5.2 shows the transformation mechanism for 
reaction (2) and it is supported by TEM micrographs shown in 
Figure 5.3. The delta-ferrite tends to retain its original 
thickness at the interface/ and the sigma phase is always 
thinner than the delta-ferrite by the amount of ferrite 
which is transformed to austenite. The fact that delta- 
ferrite -» austenite + sigma establishes reaction (2) as an 
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Figure 5.3: Transformation of delta-ferrite to sigma phase 
observed in specimens aged at 720°C for (a) 2hr (T4).
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Figure 5.3: Transformation of delta-ferrite to sigma phase
observed in specimens aged at 720°C for (b) 57hr 
(T5).
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associated with the product phases.
In summary, the pancaked delta-ferrite grains are 
replaced by groups of blocky carbides and austenite 
initially at the austenite/ferrite interface. Later in the 
heat treatment, delta-ferrite is almost completely 
transformed to sigma phase, resulting in the observed 
tensile properties as discussed below.
5.2 Correlation of Microstructures and Tensile Properties
5.2.1 Tensile Data of Set I:
The tensile specimens (both transverse and 
longitudinal) in the as-received condition exhibit typical 
ductile rupture as would be expected since both delta- 
ferrite and austenite are ductile at room temperature. 
Comparison of tensile properties of longitudinal specimens 
to those of transverse specimens shows an increase in 
ultimate tensile strength which results from the effect of 
rolling. Delta-ferrite at this point has no adverse effect 
on mechanical properties.
(a) Transverse Tensile Specimens
Specimens heat treated for short periods of time, i.e., 
T8 (15 min) and T6 (30min) have tiny coherent M23C6 particles 
newly formed at both austenite/ferrite interfaces and 
austenite grain boundaries on the order of 100 nm. Since
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delta-ferrite is not yet transformed to sigma phase, typical 
dimple rupture would still be expected. However, these 
carbide particles may serve as initiation sites for the fine 
microvoids observed in Figure 5.4 thus decrease reduction of 
area. As aging time increases, sigma phase may form. 
Fracture along this brittle phase severely degrades the 
ductility as shown in Figure 5.5.
However, because of the irregularity of the delta- 
ferrite crystals, fracture along these prior delta-ferrite 
regions which is composed of clusters of M23C6 and sigma 
phase results in plateaus at different elevations, as shown 
in Figure 5.6, a top view of delta-ferrite pancakes. 
Connection between these plateaus is made by ductile 
austenite resulting in shear ridge appearance as shown in 
Figure 5.7.
(b) Longitudinal Tensile Specimens
Since delta-ferrite crystals are approximately parallel 
to the tensile axis, little effect of transformation of 
delta-ferrite to brittle phases on tensile properties would 
be anticipated. The aged tensile specimens, L2 (lhr), and 
L3(10hr), which may contain M23C6 and probably sigma phase, 
show a considerable amount of necking. The brittle phases 
become significant only after necking is developed. As
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Figure 5.4: Microvoids nucleated by tiny M23C6 particles 
formed in T6, aged at 720°C for 30min. SEM 
fractograph.
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Figure 5.5: Fracture of embrittled specimen (T9) follows
prior delta-ferrite pancake composed of regions 
of brittle sigma phase and groups of carbide 
particles. SEM fractograph.
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Figure 5.6: Fracture of embrittled tensile specimen (T2)
follows irregular delta-ferrite grains connected 
by shear ridges. Fracture within one 
transformed ferrite domain is also connected by 
ductile austenite. SEM fractograph.
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Figure 5.7: Coalescence of two delta-ferrite pancakes by 
austenite shear ridges. SEM fractograph.
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Illustrated in Figure 4.23 and 4.24, cracks along these 
phases are driven by triaxial stresses induced by necking. 
This side view of delta-ferrite pancakes also exemplifies 
the irregularity of the crystals.
5.2.2 Tensile Data of Set II:
Temperature gradients during solidification may cause 
delta-ferrite content variations, as shown in Figure 4.4.
Moreover, because the diameter of tensile specimen is 
only 0.381 cm, a dimension which may not be representative 
for the whole plate, delta-ferrite content in the second set 
of tensile specimens taken from the same plate may be 
different from that of the first set. Therefore, from the 
plots shown in Figure 4.15 and Figure 4.16, it is concluded 
that the delta-ferrite content in the second set of 
specimens is much lower than that in the first set. 
Consequently, the effect of the embrittlement due to carbide 
and sigma phase in the transverse specimens is greatly 
reduced.
Consistency in the longitudinal tensile data provides 
additional evidence that the mechanical properties are 
highly texture-dependent and the delta-ferrite content is a 
critical factor which affects transverse tensile properties.
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6. CONCLUSIONS
1. Delta-ferrite in a cross-rolled 304L austenitic 
stainless steel plate adopted an irregular pancake 
morphology with an average thickness of 4jim. The 
amount of delta-ferrite is a function of position in 
the plate.
2. Delta-ferrite in AISI 304L austenitic stainless steel 
decomposes most rapidly at temperatures between 700 and 
750°C.
3. Delta-ferrite transforms by the following reactions:
(a) delta-ferrite M23C6 + austenite, and
(b) delta-ferrite -» sigma + austenite.
Both reactions are eutectoid transformations. Reaction 
(a) occurs within 15 minutes at 720°C, and proceeds to 
the exhaustion of carbon in 304L stainless steel.
4. Sigma phase formation by reaction (b) requires Cr 
enrichment above the amount present in delta-ferrite. 
The enrichment is accomplished by the rejection of Cr 
from austenite formed by the eutectoid transformation.
5. Sigma phase and M23C6 severely degrade tensile ductility 
in the transverse orientation; reduction of area is 
reduced from 77 pet to 16 pet. The M23C6 particles 
formed by reaction (a) cause very fine microvoid 
coalescence, and the sigma phase formed by reaction (b)
T-4216 116
causes brittle cleavage fracture. Longitudinal 
properties, on the other hand, are not significantly 
affected by the products of delta-ferrite 
decomposition, but longitudinal tears along the sigma 
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